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Metabolic syndrome (MetS) is a constellation of factors increasing the risk of type 2 diabetes mellitus (T2DM), cardiovascular disease (CVD), and cancer. MetS diagnosis is cumbersome and the precise diagnosis differs throughout the world. Efforts are underway to find MetS biomarkers that could all be analysed in a single blood sample. Here we review recent advances, including progress on circulating exosomes and microvesicles and their molecular contents, as well as DNA, RNAs, and proteins taken directly from blood samples. While additional research is now warranted to advance upon these findings, there is reason for optimising that such blood-based entities will be beneficial for MetS diagnosis and will help reduce risk of T2DM, CVD, and cancers, contributing both societal and economic benefit. , it is generally accepted that MetS is the compounding of several risk factors including insulin resistance (IR), central obesity, high triglycerides, dyslipidaemia, and hypertension [1] .
MetS is of substantial clinical relevance and concern because of its high prevalence and association with the development of more serious pathologies. The prevalence of obesity (one of the components of MetS) has more than doubled from 1980 to 2014 i [ 1 7 _ T D $ D I F F ] . In [ 1 9 _ T D $ D I F F ] 2013, more than 1.9 billion adults throughout the world were identified as overweight. Of these, 600 million were described as clinically obese. This equates to 39% of the adult population being overweight (38% male, 40% female) and 13% being obese (11% male, 15% female). Overweight status and obesity are not restricted to the adult population, they also occur in children. In 2014, 42 million children under the age of 5 years were diagnosed as obese i . Results from studies performed around the world show that the global prevalence of MetS ranges from 10% to 84% depending on the ethnicity, age, gender, and race of the population [2] . As expected, MetS increases with body mass index (BMI) and the risk of developing MetS also increases with age [1] . Additional to the health issues directly associated with MetS, this condition contributes to a 5-fold increased risk of type 2 diabetes mellitus (T2DM), 3-fold increased risk of cardiovascular disease (CVD), and also an increased risk of developing certain cancers [3] . Thus, MetS contributes to both reduced quality-of-life and reduced life expectancy.
Additional to the human health costs, MetS -and the pathologies to which it contributes -are huge economic drains on society. Although to the best of our knowledge there are no economic figures relating specifically to MetS, in a study conducted by Nichols and Moler [4] Table I . The pathologies associated with MetS are illustrated in Figure I . Abdominal obesity Fasting plasma glucose
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or T2DM recorded in healthcare records)] was analysed for a cohort of 57 420 individuals from the Kaiser Permante Northwest Medical Centre in Oregon. Individuals were categorised as having zero to five components of MetS present. Each person was subsequently followed for 5 years and the cost of healthcare was estimated. The increase in healthcare costs were found to be significant when advancing from zero components to one, two, and three components (P<0.001), and from four components to five components (P<0.001); while the increase from three components to four was tending towards significance (P=0.058). As would be expected, this study also reported that the further development of T2DM or CVD increased the cost of healthcare. In the USA in 2012 alone, the estimated cost associated with T2DM was $245 billion [5] , with CVD costing $108.9 billion annually [6] . Cancer diagnosis and treatment are also extraordinarily large draws on the economy. However, the current process of diagnosing MetS is multifaceted, cumbersome, and not ideally for purpose. Thus, substantial efforts are being invested into identifying more and better biomarkers (biological markers) for this condition.
Blood-based biomarkers for MetS [7] [8] [9] could offer an improved minimally invasive diagnosis ( Figure to avoid the development of more life-threatening pathologies, such as T2DM, CVD, and cancer. An ideal biomarker for MetS would be an entity that is consistently dysregulated in MetS compared with healthy controls and would be quantifiable, quick to assess, specific, and sensitive. Of course, many of the tests currently contributing to a MetS diagnosis, regardless of the specific definition used, are blood-based. However, additional tests are also required (glucose tolerance, waist circumference). In reality, the more complex a test is and the more selfconscious a patient feels about going for such a test (e.g., having his/her waist circumference measured), the less likely it is that there will be compliance. As outlined in the following section, there is increasing evidence to suggest that exosomes, nucleic acids, and proteins derived from blood all have potential to form useful biomarker panels. Thus, here we review studies of circulating exosomes and microvesicles, nucleic acids, and proteins that may form such a panel of biomarkers, and when further optimised may help diagnose MetS earlier and proactively address MetS-related complications.
Extracellular Vesicles/Exosomes
Although it has long been known that eukaryotic cells release complex vesicular structures into their environment, only in recent years has it been established that these entities, namely exosomes, microvesicles/ectosomes/membrane vesicles/microparticles (collectively termed extracellular vesicles, EVs), are not merely junk or debris, but tailor-made specialised mini-maps of their cell of origin [10] . EVs were described by two independent studies, in 1983 [11] and 1984 [12] , when it was observed that reticulocytes could discharge the transferrin receptor by its incorporation into EVs that were then released by cells. These vesicles were termed exosomes as they originated from the endosome/multivesicular bodies [13] .
The terminology EVs includes exosomes and microvesicles/ectosomes that are often defined and subgrouped first and foremost on size and proposed origin (exosomes are $30-120 nm and are of endosomal origin; microvesicles/ectosomes are >120-1000 nm and originate from pinching of the cell membrane) (Figure 2 
Studies of circulating EVs as biomarkers for MetS are still in their infancy and [ 2 3 _ T D $ D I F F ] it is not [ 2 4 _ T D $ D I F F ] possible to
directly compare or perform a meta-analysis of emerging data due to different methods being used for their isolation, some of which typically produce relatively pure populations of EVs and others methods that precipitate EVs but are not selective for EVs [15] (Table 1) . However, trends are pointing towards a relationship between the quantities of blood-based EVs and MetS. When plasma specimens from individuals ( Table 2 , row A) with MetS were compared to those from healthy controls, a significant (P<0.001) increase in quantities of EVs (as determined by flow cytometry following labelling of EVs with antibodies against surface antigens) was observed with MetS [16] . A follow-up study ( Table 2 , row B) confirmed these results and found circulating quantities of plasma EVs (as determined by flow cytometry) to be significantly (P<0.05) higher in MetS compared with healthy individuals [17] . Thus, these studies support the hypothesis that basic quantification of circulating EVs may offer potential as diagnostic biomarkers for MetS. Although further appropriately designed studies are required, ultimately EV quantities may even prove to have benefit for screening those at increased risk of developing MetS.
Freely circulating microRNAs (miRNAs) and those carried in EVs are also under investigation as biomarkers for MetS [18] [19] [20] . A particular interest in miRNAs has emerged from the fact that they appear to be causally and mechanistically involved in events that contribute to MetS. Regulation of miRNAs is tightly controlled and each miRNA may, in turn, target multiple mRNAs. This is necessary for regulating and fine-tuning different aspects of metabolism. However, when miRNAs become disrupted, pathology may follow, as can be seen in the case of metabolic diseases [19] . Changes in miRNA expression have now been directly associated with many components of MetS. For example, cholesterol is regulated at the cellular level by both classical transcription factors and also by miRNAs. With regard to their relevance as blood-based biomarkers for MetS, Karolina et al. [21] investigated both total miRNAs isolated from whole blood and EV-contained miRNAs isolated from plasma of individuals with MetS, T2DM, hypercholesterolaemia (HCL), hypertension (HPT), and healthy controls (Table 3) . Five miRNAs were identified as present in EVs from all groups. From those, four, namely miR-17, miR-197, miR-509-5p, miR-92a, were found to be at higher quantities in the MetS and hypercholesterolaemic groups and lower in the T2DM and hypertensive groups. miR-320a was increased in the MetS and T2DM groups and decreased in the hypercholesterolaemic and hypertensive groups. In this study, the detection patterns of these miRNAs were reported to be similar in EVs and in whole blood.
Whether or not extracellular miRNAs are predominant in EVs or not is still under debate and is very likely to differ with different miRNAs and different cellular/clinical conditions. For example, it has been reported that in serum and saliva[ 3 _ T D $ D I F F ] the majority of miRNAs are concentrated in the exosomes rather than freely circulating [22] , while a study of plasma miRNAs found them to be mainly concentrated in microvesicles [23] . Conversely, an analysis of three miRNAs in plasma found them to be predominantly (>97%) exosome-free [24] . Furthermore, Arroyo et al. [25] claimed that 90% of miRNAs in the circulation are not present in a membrane-bound form. However, regardless of whether or not miRNAs are contained within EVs, it is apparent that blood-based miRNAs have promise as biomarkers for full-blown MetS and for many of its contributing components (see section on Circulating miRNA Biomarkers for MetS).
Circulating Protein Biomarkers for MetS
Adiponectin is an antiatherogenic, antidiabetic [26] , and antihyperlipidaemic adipokine and its low circulating levels (<4 mg/ml) are associated with MetS. Plasma adiponectin levels were found to be significantly (P<0.0001) decreased in obese (3.7AE3.2 mg/ml) compared with nonobese (8.9AE5.4 mg/ml) individuals [27] . A strong inverse correlation was also found between plasma adiponectin protein concentration and BMI for both males and females [27] . Plasma adiponectin protein concentration was also reported to be lower in individuals with hypertension compared with normotensive individuals [28] . Thus, the association of low adiponectin protein levels with MetS was subsequently investigated in a cohort of diabetics compared with nondiabetics, with and without MetS ( Table 2 , row C). In this study, serum adiponectin protein was significantly lower in the diabetic cohort. Of the individuals with MetS, adiponectin protein was decreased in both males and females, when compared with individuals without MetS, inversely correlating with MetS. Interestingly, adiponectin protein was found to decrease progressively with [29] .
A study of Japanese males and females (Table 2 , row D) showed plasma levels of adiponectin in both males and females to inversely correlate with BMI, waist circumference, visceral fat, triglycerides, and positively correlated with HDL levels [30] . Studies of each component of MetS independently showed that an adiponectin concentration of <4 mg/ml of plasma correlated with a higher prevalence of each of the MetS components, when compared with adiponectin protein levels for healthy individuals. For example, a concentration of <4 mg/ml was observed in a higher percentage of obese compared with nonobese males and females. Furthermore, MetS had a significantly higher prevalence in both males (P<0.001) and females (P<0.01) who had adiponectin plasma concentrations <4 mg/ml compared with those who had higher circulating levels [30] .
While more extensive double-blinded studies are warranted, data produced to date suggest that low level circulating adiponectin protein (i.e., less than a 4 mg/ml threshold) has potential as a biomarker that could contribute to a biomarker panel for MetS diagnosis. In fact, based on its associated activities in the body (antiatherogenic, antidiabetic, and antihyperlipidaemic), it could be cautiously extrapolated that introducing adiponectin may have therapeutic benefit. However, this would have to be thoroughly investigated, initially in preclinical models.
Leptin, a satiety hormone [31] , also has potential as a blood-based biomarker for MetS. This is supported by a study from the Iranian Third National Surveillance of Risk Factors of NonCommunicable Diseases (SuRFNCD) involving 3045 participants ( Table 2 , row E) where MetS was diagnosed according to the IDF definition. Individuals with MetS had higher serum level of leptin[ 4 _ T D $ D I F F ] compared with non-MetS individuals. Leptin levels were independent of overall obesity or abdominal/central obesity and indicated an independent role in the development of MetS [32] . In parallel, a study including 367 Mexican-American individuals from the Cameron County Hispanic Cohort (CCHC) ( Table 2 , row F) showed that both decreased adiponectin protein and increased leptin correlated with MetS [33] . Again, these data suggest that more extensive analysis of leptin protein, for example, via a double-blinded study would help to confirm its relevance as a biomarker. It would make sense to study adiponectin and leptin in the same blood (plasma/ serum) specimens. Of course to be useful as a biomarker, a robust threshold for leptin assessment would also need to be established.
Circulating DNA Biomarkers for MetS
Genomic (gDNA) polymorphism in the adiponectin (AdipoQ) gene is also a potential biomarker for MetS. Genome-wide scan studies have identified a susceptibility locus for obesity, T2DM, and coronary heart disease (CHD) in the same chromosomal region as AdipoQ (i.e., 3q27).
in the linkage disequilibrium blocks of the adiponectin gene were found to exist and these SNPs confer a risk of obesity, T2DM, and diabetic nephropathy [34] . Therefore, not only do the protein levels of adiponectin show potential as a biomarker but also the gDNA polymorphisms in the AdipoQ gene could be of relevance. A study that recruited 936 Chinese adolescents diagnosed with MetS based on the IDF definition ( Table 2 , row G) extracted gDNA from peripheral blood and found that the frequency of a SNP in the adiponectin gene at position 45 with two G-alleles (i.e., SNP+45 GG) was significantly increased in the MetS cohort compared with the frequency of the same SNP at position 45 but with either two T-alleles (i.e., SNP+45 TT) or with T-and G-alleles (i.e., SNP+45 TG). It was also determined that the risk of MetS was significantly higher in subjects with the SNP+45 GG genotype compared with those with the SNP+45 TT or TT +TG genotypes [35] , suggesting that the SNP+45 GG genotype is a biomarker/risk factor for MetS. However, SNP+45 GG genotype had no effect on phenotype, that is, on serum adiponectin protein concentrations [35] . Ohashi et al. [36] also genotyped gDNA isolated from whole blood specimens procured from 383 coronary artery disease (CAD) individuals and 368 controls ( Table 2 , row H). MetS was diagnosed if total cholesterol >5.6 mmol/l, triglycerides >1.69 mmol/l, HDL-cholesterol <1.03 mmol/l, and blood pressure of systolic !140 mm Hg and diastolic !90 mm Hg were present. The presence of SNP-276, SNP-94, and missense mutation I164T in AdipoQ was assessed. The frequency of the I164T mutation compared with wild-type was significantly (P<0.001) higher in individuals with three abnormalities (MetS, T2DM, CAD). Furthermore, the prevalence of MetS was significantly higher in CAD individuals with the I164T mutation than in CAD individuals without this mutation. Therefore, this study suggests that the I164T mutation in the AdipoQ gene is associated with MetS-related CAD.
These emerging data, although limited so far, suggest that assessing DNA mutations could add further value to forming a panel of biomarkers for MetS diagnosis, rather than assessing proteins alone.
Circulating miRNA Biomarkers for MetS
A number of miRNAs have been identified that regulate components of MetS (Table 4) , cholesterol, and fatty acid (FA) metabolism. These include miR-122 and let-7 g that were found [45] miR-33a, miR-33b Targets ABCA1 in liver cells and macrophages [45] miR-758 Targets ABCA1 in human and mouse macrophages [45] miR-106b Targets ABCA1 in human hepatocytes [45] Glucose Homeostasis + Insulin Signalling miR-132 Targets SIRT1 in adipocytes [46] miR-29a, miR-29b Expressed in pancreatic islet cells of obese mice and target MCT1 [19] miR-126 Inhibits IRS1 to promote insulin resistance. Targets IRS2 in liver cells and macrophages [19] miR-33a, miR-33b elevated in the serum of an Asian cohort with MetS (Table 2 , row I) [37] . Levels of both miRNAs increased in parallel with increasing number of MetS components presented. For individuals presenting with four to five components of MetS, let-7 g and miR-122 were both significantly increased. Moreover, the elevation of serum let-7 g was significantly associated with a low level of HDL-cholesterol and high blood pressure [37] . miR-122 has been shown to regulate FA metabolism, cholesterol synthesis, and cholesterol levels [38] . As outlined earlier, Karolina et al.
[21] conducted a profiling study including 265 individuals comprising five subgroups [i.e., MetS, T2DM, HCL, HPT, and controls] and found three miRNAs to be increased in MetS (miR-197, miR-23a, miR-509-5p) as potential contributors of dyslipidaemia in MetS, correlating with BMI. From this study, miR-130a and miR-195 were proposed as potential contributors of hypertension in MetS, correlating with blood pressure. A plausible association between miR-27a and miR-320a with MetS and T2DM were proposed, as both miRNAs were altered in these conditions. miR-370 is another miRNA associated with MetS [39] . To the best of our knowledge, data on circulating miR-370 in individuals with full-blown MetS have not been reported. However, circulating levels of miR-370 and miR-122 have been reported for individuals with hyperlipidaemia, a risk factor for MetS [39] . Gao et al. [40] reported that in a cohort of 255 hyperlipidaemia individuals presenting with or without CAD in comparison with 100 healthy controls ( Table 2 , row J), plasma levels of four lipid metabolism-associated miRNAs (miR-122, miR-370, miR-33a, and miR-33b) were investigated. Here, miR-122 and miR-370 were both found to be significantly increased in the plasma of hyperlipidaemia individuals compared with that of healthy controls, while miR-33a and miR-33b were undetected. Interestingly both miR-122 and miR-370 correlated positively with levels of total cholesterol, triglyceride, and low-density lipoprotein (LDL)-cholesterol in the plasma of both patient and control cohorts. Of note, miR-122 and miR-370 were both found to be decreased with statin treatment [40] , suggesting these miRNAs as both potential diagnostic biomarkers for hyperlipidaemia and predictive biomarkers for response to statins. Table 2 , row K) and collected visceral and subcutaneous abdominal adipose tissue biopsies. mRNA analysis revealed a 6-fold decrease in adiponectin mRNA levels in the obese cohort compared with the healthy controls. Additionally, adiponectin mRNA levels were 33% lower in visceral adipose tissue compared with subcutaneous adipose tissue. This result is of interest as visceral fat is a substantial player in MetS.
In a similar study, neprilysin (NEP), a zinc metalloendopeptidase was investigated. NEP is expressed by adipocytes [43] , plays a role in inhibiting peptide signalling events, and is involved in the metabolism of a number of regulatory proteins [44] . This study showed that the circulating levels of NEP mRNA in a mouse model of obesity were higher after 15 weeks on a high-fat diet, with a progressive increase from week 7 to week 15 [43] . This suggests a potential of adipose tissue-derived NEP mRNA in the plasma as a biomarker for MetS. However, analysis of NEP mRNA and, indeed, NEP protein in the plasma of appropriate human cohorts is required.
Concluding Remarks and Future Perspectives
MetS, if not diagnosed and managed early on, can contribute to the development of more serious pathologies. So far a simple set of blood tests [ 2 9 _ T D $ D I F F ] has not been developed that can screen for or diagnose MetS. Early diagnostic tools will aid towards active management to reduce risks of subsequent morbidities.
Recent research including that of circulating exosomes and microvesicles/microparticles (EVs) and their molecular contents, as well as DNA, RNAs, and proteins taken directly from blood specimens suggest that such blood-based entities may facilitate MetS diagnosis and thus[ 3 0 _ T D $ D I F F ] prevent the development of further clinical problems. However, because changes in some or all of these entities (EV quantities, miRNAs, mRNAs, etc.) in blood have been associated with other conditions and pathologies, a unique, reliable, sensitive, and specific biomarker or, panel of biomarkers, must be identified for MetS. Because research to date has not found one single entity that is present only, or absent only, in MetS, compared with healthy controls, when using a panel of biomarkers, the difference would most likely be threshold-based, in which case individual thresholds might have to be determined for each entity involved in the panel. Possibly assessing one entity type will suffice or, most likely, the ideal panel will be a combination of 
Outstanding Questions
Are there blood-based molecules and entities that can reliably be used as biomarkers for MetS?
Will one panel of blood-based biomarkers be adequate -in terms of reliability, sensitivity, and specificity -for diagnosis of MetS?
Will the optimal panel of biomarkers include a combination of EV quantities, DNA, mRNA, and miRNA or will one entity/ [ 
